Using available multiwavelength data for the pulsars of different ages detected in the optical range, we analyze the efficiencies of the conversion of the pulsar spindown powerĖ into the observed non-thermal luminosity L in different spectral domains. We find that these pulsars show significantly non-monotonic dependencies of the optical and X-ray efficiencies (η = L/Ė) versus pulsar age with a pronounced minimum at the beginning of the middle-age epoch and comparably higher efficiencies of younger and older pulsars. In addition, we find a strong correlation between the optical and 2-10 keV X-ray luminosities of these pulsars that implies the same origin of their nonthermal emission in both spectral domains.
Introduction
The properties of the observed pulsar emission show that radio and gamma-ray photons have nonthermal origin and are produced by relativistic particles in different parts of the pulsar magnetosphere. The soft X-ray-optical radiation can be a combination of several nonthermal spectral components from the magnetosphere and thermal components from the whole surface of a cooling neutron star (NS) and from its hot polar caps heated by the relativistic particles from the magnetosphere. The nonthermal component has been found to dominate the optical emission of several young, middle-aged, and old pulsars. It is believed that nonthermal components are powered by NS rotational energy lossĖ = 4π
2 IP/Ṗ 3 , where I = 10 45 gm cm −2 is the inertia momentum of a NS of 1.4 M ⊙ and 10 km radius, P andṖ are the pulsar period and its derivative, respectively.Ė is frequently called also the spindown luminosity and denoted as L sd . The ratio η = L/Ė, where L is the photon luminosity, is used to characterize the efficiency of the conversion oḟ E ≡ L sd into the pulsar emission at a given spectral domain. In this paper, we analyze the evolution of the nonthermal luminosities and efficiencies of pulsars detected in the optical range.
The sample and data sources
We have analyzed multiwavelength nonthermal luminosities of seven pulsars detected in the optical range (see Table 1 ; [1, 2] ). The advantage of this sample is a small (<10%) uncertainty in the distances Table 1 The ages τ , distances d, spindown luminositiesĖ (or L sd ), and observed nonthermal luminosities in the radio, L R , optical, L Opt , X-ray, L X , and gamma-ray, L γ , ranges of seven radio pulsars detected in the optical range. [1, 2] to the pulsars, determined from the radio or optical parallax measurements. This strongly minimizes errors in the inferred luminosities. Distances for a few other optical pulsars are much less certain and we excluded them from consideration. In the optical we used the data obtained in the B-band [1, 2] since practically all the pulsars from our sample were detected in this band and fluxes in other bands are not strongly different from these. Using this band also allows us to escape possible contamination of the pulsar fluxes by strong nebular lines in cases when an associated nebula around a pulsar exists, or is expected to exit. In X-rays we used the data obtained in 2-10 KeV range [3, 2] , where the nonthermal power law spectral tails dominate over the thermal components detected from several pulsars in a softer energy range. We added also the data from [4] on 5 old pulsars recently observed with the Chandra and XMM. In the radio and gamma-rays we used the data obtained at 400 MHz (ATNF catalog [5] ) and in the EGRET range of 400 MeV-10 GeV [6] , respectively.
Results

Evolution
The nonthermal luminosity and efficiency evolution of pulsars in different spectral domains, based on the selected sample of the optical pulsars, is shown in Fig. 1 . We note the following points: (1) the spindown luminosity decreases monotonically with age, as expected; (2) the optical, X-ray and gamma-ray luminosities also decrease with age, but become almost constant starting from a middleage epoch of 10 4 − 10 5 yr; (3) the radio luminosity is less monotonic but starts to increase gradually approximately from the same age; (4) as a result, the evolution of the optical and X-ray efficiencies is nonmonotonic and shows a pronounced minimum efficiency at a middle-age epoch and comparable higher efficiencies for younger and older pulsars; (5) the shapes of the dependencies η opt (τ ) and η X (τ ) are remarkably similar to each other; (6) the radio and gamma-ray efficiencies increase with age but their increases becomes apparently steeper from the same middle-age epoch.
The fact that older pulsars are much more efficient radio emitters than younger ones is confirmed at a much higher significance level based on a rich sample of radio pulsars extracted from the ATNF catalog (Fig. 2) . The scatter of the data along the mean evolution track shown in Fig. 2 by solid line may be explained by different geometrical/beaming factors and uncertainties in the distance.
Thenonmonotonic efficiency evolution in X-rays becomes much less obvious if we consider a larger sample of pulsars identified in X-rays including a few of them identified in the optical and X-rays ( Fig. 3.1) . The statistics are much smaller than in the radio and this picture is more affected by the distance and flux uncertainties. Nevertheless, applying linear regression fits, one can resolve hints of the nonmonotonic evolution clearly seen in the optical sub-sample. The evolution track of older pulsars may be compatible with what is seen in the radio range (cf. dashed and solid lines). In all of the X-ray plots we added X-ray data for 5 old pulsars Figure 1 . From top to bottom: evolution of the pulsar spindown, radio, optical, Xray, and gamma-ray luminosities and respective efficiencies, with dynamical age. Filled circles are the data from [4] .
detected recently with Chandra and XMM [4] . These data are likely to be in agreement with the proposed evolution picture and may even strengthen it.
3.2. Correlation between the optical and X-ray emission The similar shapes of the optical and X-ray evolution tracks suggest a correlation between the luminosities in these domains. This is confirmed by the linear regression fit of the η opt vs η X distribution shown in Fig. 4 . The correlation coeffi- Table 1 . cient is 0.97. A strong correlation implies the same origin for the emission in both spectral domains. It is independent of the difference in the spectral slopes in these ranges observed for the pulsars of different age. For instance, the extrapolation of the nonthermal component of the Xray spectrum of young Crab-like pulsars strongly overshoots the observed optical fluxes, while for older pulsars the opti- 1 .1 9 ( 1 3 ) Figure 4 . Relationship between the optical and X-ray efficiencies in the B band and 2-10 keV ranges. Figure 5 . The evolution of the optical and X-ray luminosities ratio with dynamical age.
cal fluxes are generally compatible with such extrapolation. This is reflected in the evolution of the ratio L opt /L X shown in Fig. 5 . The ratio becomes almost independent of age starting from a middle-age epoch.
3.3. The efficiency and the spindown luminosity The distributions of the efficiencies of the optical pulsars in different spectral domains vs spindown luminosity are shown in Fig. 6 . These distributions demonstrate that: (1) in the radio and gamma-rays, less energetic pulsars (with low L sd ) are more efficient photon emitters than more energetic ones; (2) in these ranges the efficiency increases monotonically with the L sd decrease; (3) the same is seen in the optical and X-ray ranges with an exclusion of the two most energetic and young pulsars, Crab and PSR B0540-69, which form a separate sub-class in these distributions; (4) present data for the 5 old pulsars detected in X-rays (marked as filled circles in Fig. 1 ) do not change the above tendency in X-rays and even strengthen it Table 1 . (cf. Fig. 8 ).
As in case of the evolution picture, the fact that the pulsars with lower L sd are more effective radio emitters is firmly confirmed by the analysis of a much larger sample of pulsars extracted from the ATNF catalog [5] (Fig. 7) . Comparing the triangles and black point distributions in Fig. 7 , we can note that the scatter around an average distribution shown by the solid line is likely equally caused by uncertainties in the pulsar geometry (triangle points), and DM-based distances (black points). The slope of the distribution is different from a trivial one assuming L R ∼ const but suggests an increase of the radio luminosity ∝ L 0.2 sd . The separation into two sub-classes of the low and high spindown luminosity pulsars that is clearly seen in the middle panels of Fig. 6 for the optical pulsars is not obvious for a wider sample of pulsars detected in X-rays (Fig. 8) . The reasons are likely to be the same as we have mentioned in Sect. 3.2 (poor statistics + distance and flux uncertainties). However, as in the case of the evolution picture for the same sample shown in Fig. 4 , linear regression fits allow us to resolve a hint of a bimodal distribution with the efficiency increases toward the low and high sides of the considered L sd range. Fig. 8 suggests also that the distribution of the low L sd pulsars may be roughly compatible with what is seen in the radio range (cf. lines in Figs 7 and 8). The suggested bimodal distribution can hardly be explained by geometry effects, if we compare the relatively small scattering of the triangle points around a mean distribution in the radio (Fig. 7) , likely caused by geometry effects, and the much larger scattering of all points in Xrays (Fig. 8) .
Summary
Our multiwavelength analysis of the nonthermal luminosity and efficiency distributions vs dynamical age and spindown power of the pulsars detected in the optical range suggests significantly nonmonotonic evolution of their emission in the optical and X-ray domains and/or a bimodal distribution of the respective efficiencies vs spindown power. Less energetic old pulsars are much more efficient photon emitters than the middle-aged ones and their efficiency is comparable with that for the much younger and enregtic Crab-like objects. The bimodal structure is not significant but still resolved in a larger sample of pulsars identified in X-rays, where it may be smoothed by large distance and flux uncertainties and needs further study. An apparent evolution track of old pulsars in the optical and X-rays is roughly compatible with the track seen in the radio range where the evolution is accompanied by a significant increase of the radio-efficiency with NS age. If it is true, this implies an universal engine that drives the non-thermal evolution of old pulsars by a unified way increasing their efficiency with age in the all spectral domains. This work has been partially supported by CONACYT project 36585-E, and RFBR grants 02-02-17668, 03-02-17423, 03-07-90200 and RLSS 1115.2003.2
